Abstract. Coxsackievirus B3 (CVB3) is a common causative agent in the development of inflammatory cardiomyopathy. However, whether the expression of peripheral blood microRNAs (miRNAs) is altered in this process is unknown. The present study investigated changes to miRNA expression in the peripheral blood of CVB3-infected mice. Utilizing miRNA microarray technology, differential miRNA expression was examined between normal and CVB3-infected mice. The present results suggest that specific miRNAs were differentially expressed in the peripheral blood of mice infected with CVB3, varying with infection duration. Using miRNA microarray analysis, a total of 96 and 89 differentially expressed miRNAs were identified in the peripheral blood of mice infected with CVB3 for 3 and 6 days, respectively. Quantitative polymerase chain reaction was used to validate differentially expressed miRNAs, revealing a consistency of these results with the miRNA microarray analysis results. The biological functions of the differentially expressed miRNAs were then predicted by bioinformatics analysis. The potential biological roles of differentially expressed miRNAs included hypertrophic cardiomyopathy, dilated cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy. These results may provide important insights into the mechanisms responsible for the progression of CVB3 infection.
Introduction
Coxsackievirus is a type of non-enveloped, linear, positive-sense single-stranded RNA virus that can be divided into group A and B viruses. Group B coxsackieviruses (CVB) include six serotypes (CVB1 -CVB6). Infants, young children and immunocompromised individuals are particularly susceptible to infection, leading to severe morbidity and mortality. CVB primarily infect organs such as the heart, pleura, pancreas and liver causing myocarditis (1), pleurodynia, pericarditis and hepatitis (2) (3) (4) . CVB3 infection leads to cardiomyocyte death and induces diseases such as myocarditis and cardiomyopathy (5) . Increasing research has focused on understanding the molecular mechanisms involved in CVB3 infection.
MicroRNAs (miRNAs) are small non-coding RNAs that act posttranscriptionally to regulate gene expression (6) . miRNAs have critical roles in numerous biological (6, 7) and pathological processes (8) (9) (10) (11) . The presence of circulating miRNAs often correlates with the presence of disease, such as cancer, myocardial infarction and diabetes, and these have been indicated to be practicable, promising and noninvasive biomarkers (12) .
Previous studies demonstrated that miRNAs regulate the pathogenesis of viral myocarditis; in the heart tissue of patients with viral myocarditis, several miRNAs have been observed to be differentially expressed (13) . miR-155 was indicated as a potential therapeutic target for viral myocarditis as it downregulates cardiac myoblast cytokine expression during CVB3 infection (14) . Our previous study also demonstrated that host cellular miRNAs are involved in the regulation of CVB3 biosynthesis by targeting CVB3-coding genes (15) . However, little is known about circulating miRNA changes following CVB infection. The present study endeavored to detect miRNA expression changes in the peripheral blood of mice infected with CVB3, with the aim to provide novel insight into the diagnosis and treatment of viral infectious diseases. ) were added to the HeLa cells in 96-well plates and the quadruplicate samples were used at each dilution. The 96-well plates were incubated for 7 days at 37˚C, and the TCID50 values were measured by counting the cytopathic effects of infected HeLa cells. The TCID50 values were calculated using ID-505.0 software, developed at the National Center for Biotechnology Information (Bethesda, MD, USA). Upon reaching adequate viral copy number, BALB/c mice were intraperitoneally administered a dose of 2x10 6 TCID50 of the virus or the same volume of DMEM, in the case of the normal control (NC) group, which was determined to be day 0 of the experiment. Mice were sacrificed by decapitation (17) , and the peripheral blood samples in the CVB3 and negative control (NC) groups were collected on days 0, 3 and 6 after infection.
Materials and methods

Animals
Immunohistochemistry. The myocardial tissues were fixed in 10% neutral-buffered formalin for 48 h and embedded in paraffin by routine histochemical procedures (18) . Hematoxylin and eosin (HE) staining was used to detect histological changes.
miRNA microarray analysis. The miRNA microarray was conducted by KangChen Bio-Tech (Shanghai, China). Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and miRNA was extracted using an miRNeasy mini kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's instructions. The quantity of isolated RNA was assessed with a NanoDrop 1000 UV-Vis Spectrophotometer (Nanodrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). Quantified RNA samples (0.3 µl total RNA and 25 µl microRNA) were labeled with a miRCURY Hy3/Hy5 Power labeling kit (Exiqon A/S, Vedbaek, Denmark) and hybridized on an miRCURY LNA Array (Exiqon A/S). Subsequent to washing with water, the microarrays were scanned using a GenePix 4000 microarray scanner (Molecular Devices, LLC, Sunnyvale, CA, USA) and analyzed using Pro 6.0 software (Molecular Devices, LLC). miRNAs with reported intensities ≥30 were retained for further analysis. The raw expression data of miRNAs were normalized by transforming the expression of each gene into having a mean of 0 and a standard deviation (SD) of 1 (19) . Following normalization, the mean of replicate values of each miRNA were used for statistical analysis. The presence of differentially expressed miRNAs was determined using volcano plot filtering, with a threshold of ≥2.0-fold change and a P-value ≤0.05. Finally, hierarchical clustering was performed to demonstrate distinguishable miRNA expression profiling among the samples.
Quantiative polymerase chain reaction (qPCR).
The total RNA was extracted from the samples using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), and cDNA was generated using a PrimeScript RT reagent kit (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's instructions. Total RNA (1 µg) was used as template for RT along with antisense primers and PrimeScript RT Enzyme Mix I (Takara Bio, Inc.). qPCR was performed in triplicate using SYBR Premix Script Ex Taq II (Takara Bio, Inc.) according to the manufacturer's instructions. Briefly, qPCR was performed with 1 µl synthesized cDNA, SYBR PrimeScript Ex Taq II (Takara Bio, Inc.), and sense/antisense primers for a final reaction volume of 20 µl. The sequences of the primers were as follows: miR-216a reverse transcription (RT): CTC AAC TGG TGT CGT GGA GTC GG-CAA TTC AGT TGA GCA CAGT, forward: TAA TCT CAG CT GCA ACT GTGA, reverse: CAG TGC GTG TCG TGG AGT; miR-710: RT: CTC AAC TGG TGT CGT GGA GTC-GGC AAT TCA GTT GAG TCA ACT, forward: CCA AGT CTT GGG GAG AGT TGAG, reverse: CAG TGC GTG TCG TGG AGT; miR-377: RT: GTC GTA TCC AGT GCG TGT CGT-GGA GTC GGC AAT TGC ACT GGA TAC GAC CAA AAG, forward: GGG GAT CAC ACAAAGG CAA, reverse: CAG TGC GTG TCG TGG AGT; miR-191: RT: CTC AAC TGG TGT-CGT GGA GTC GGC AAT TCA GTT GAG AGC TGC, forward: CAA CGG AAT CCC AAA AGCA GCTG, reverse: CAG TGC GTG TCG TGG AGT; miR-713: RT: GTC GTA TCC AGT-CG TGT CGT GGA GTC GGC AAT TGC ACT GGA TAC GAC GCT GTG, forward: GGG GTG CAC TGA AGGCA, reverse: CAG TGC GTG TCG TGG AGT; U6 snRNA served as an internal control, U6 RT: CGC TTC ACG AAT TTG CGT GTCAT, forward: GCT TCGGCAG CAC ATA TAC TAA AAT, reverse: CGC TTC ACG AAT TTG CGT GTCAT. Thermocycling was carried out in a LightCycler 2.0 (Roche, Basel, Switzerland) with the following conditions: 40 cycles of 5 sec at 95˚C, 20 sec at 55˚C and 15 sec at 72˚C. The analytical procedures of dissociation curve was followed by one cycle of 1 sec at 95˚C, 20 sec at 65˚C and 1 sec at 95°C. The relative RNA expression data were analyzed using the 2 -ΔΔCt method (20) . 
Functional assignment of differentially expressed miRNAs.
To determine the biological functions of the differently expressed miRNAs in this model, gene ontology (GO) and Kyoto Encyclopedia Genes and Genomes (KEGG) enrichment analyses were performed. These were used for predicting the target genes of statistically significantly altered miRNA, and were conducted using the DAVID Bioinformatics Tool v. 6.7 (http://david.abcc.ncifcrf.gov/). This is a commonly used functional annotation tool that can assess overrepresentation of functional categories among a gene set of interest (23) .
Statistical analysis. Statistical analyses were performed using SigmaStat 3.1 software (Systat Software, San Jose, CA, USA).
The measurement data are presented as the mean ± SD and determined by Student's t-test. For functional analyses, Fisher's exact test, corrected by the false discovery rate method with an adjusted P-value <0.01 following Bonferroni correction, was used to determine the probability that each biological function assigned to that data set was due to chance alone. P-values <0.05 were considered to represent a statistically significant difference
Results
Histopathological changes in the CVB3-infected mouse heart.
HE staining was used to confirm the histopathological changes in heart tissues. On day 3 after infection, heart tissues from CVB3-infected mice demonstrated mild inflammation. On day 6, the heart tissues demonstrated severe myocardial inflammation, with myocardial cell swelling, and the myocardial fibers were in a disorganized array (Fig. 1) .
Identification of differentially expressed miRNAs.
The miRNA expression profile in CVB3-infected mouse blood was compared with that of NC mice using a miRCURY LNA Array. The fold-change was calculated in this comparison in order to determine the extent and direction of differential expression prior and subsequent to infection. A total of 96 differentially expressed miRNAs were identified (33 upregulated and 63 downregulated) on day 3 after infection. A total of 89 differentially expressed miRNAs were identified (37 upregulated and 52 downregulated) on day 6 after infection. The list of top 10 significantly altered miRNAs are reported in Tables I  and II . The miRNAs identified as differentially expressed on day 0 were rejected during the target prediction and functional analysis.
Validation of differentially expressed miRNAs in CVB3-infected mouse blood by qPCR.
Several miRNAs were detected by qPCR in order to validate the microarray analysis results. These results indicated that miR-216a and miR-710 were upregulated and miR-337 was downregulated on day 3 after infection; on day 6 after infection, miR-216a and miR-713 were reported to be upregulated and miR-191 was downregulated (Fig. 2) . The results of the qPCR for the selected miRNAs were consistent with the miRNA microarray analysis results (Fig. 2) , indicating that the results of the miRNA microarray are reliable. Amongst these differentially expressed miRNAs, only miR-216a was upregulated on both day 3 and day 6 after infection.
Functional analysis of differentially expressed miRNAs.
To analyze the possible mechanisms involved in CVB3 infection, the predicted miRNA target genes were subjected to GO enrichment analysis. The results revealed that these predicted targets were involved in 287 biological processes, including 81 molecular functions and 81 cellular functions (P<0.05).
The top ten biological processes affected by the differentially expressed miRNAs are reported in Fig. 3 . The biological interpretation of the target genes of differential miRNAs was further extended using KEGG pathway enrichment analysis. A total of 66 different metabolic pathways were reported, causative of hypertrophic, dilated or arrhythmogenic right ventricular cardiomyopathy (Table III) . These results implied possible roles of alterations to circulating miRNAs in the regulation of the biological processes involved in CVB3 infection.
Discussion
An infection with CVB3 may induce viral myocarditis, dilated cardiomyopathy and heart failure (1,2,4). However, little is known about the mechanisms involved in developing these symptoms. A large number of miRNAs has been discovered in plants, animal, and certain viruses, in which they regulate gene expression at a posttranscriptional level (24) (25) (26) . In the cardiovascular system, miRNAs are involved in numerous cardiac pathophysiological processes, including heart development, cardiac hypertrophy, myocarditis, cardiomyopathy and heart failure (27) (28) (29) (30) ). An increasing number of studies have indicated that miRNAs are involved in the duplication and the pathogenesis of CVB3. miR-203 is one of the most upregulated miRNAs in CVB3-infected murine hearts, which enhances CVB3 replication by targeting the zinc finger protein-148 (31). Myocardial miR-21 expression is significantly decreased in cases of CVB3-induced myocarditis, and negatively correlates with disease severity. miR-21 administration efficiently alleviates CVB3-induced myocarditis by repressing PDCD4-mediated apoptosis (32) . We previously reported that miR-10a positively modulates gene expression and affects CVB3 replication during cardiac infection (33) . However, little is known regarding circulating miRNA changes after CVB3 infection.
The present study demonstrates novel alterations to miRNA expression in the peripheral blood of mice infected with CVB3. Subsequent to infection, mouse heart tissues revealed inflammation, which became more severe over time. An miRNA microarray analysis demonstrated that miRNAs in the peripheral blood were differentially expressed on days 3 and 6 after infection. This differential miR-216a, miR-710, miR-377, miR-191 and miR-713 expression was validated by qPCR.
In the present study, 66 differentially expressed miRNAs were determined. Among these, miR-132-3p, miR-212-3p, miR-335-5p, miR-92a-2-5p and miR-9-5p were predicted to be associated with cardiac pathologies, including dilated cardiomyopathy, hypertrophic cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy. These miRNAs have been confirmed to be differentially expressed and even have an important role in myocardial diseases. It has previously been reported that miR-132, miR-212 and miR-9 were involved in the progression of cardiac hypertrophy (34) (35) (36) (37) , and circulating levels of miR-92a are significantly reduced in patients with coronary artery disease (38) . These previous findings, in conjunction with the current results, indicate that circulating miRNAs may also have a role in the pathogenesis of cardiovascular diseases.
Circulating miRNAs may therefore serve as stable blood-based markers for cancer and cardiovascular Table II . Significantly downregulated miRNAs. Table I . Significantly upregulated miRNAs. Figure 1 . Histopathological changes in the CVB3-infected mouse heart. Hematoxylin and eosin staining was performed on days 0, 3 and 6 after infection. On day 3 after infection, heart tissues from CVB3-infected mice demonstrated mild inflammation. On day 6, heart tissues demonstrated severe myocardial inflammation, with myocardial cell swelling, and the myocardial fibers were in a disorganized array. CVB3, Coxsackievirus B3. diseases (39) . However, the biological function of circulating miRNAs is largely unknown. The present findings provide novel evidence for the participation of miRNAs in CVB3 infection. However, the associated mechanisms, including the roles of other organs in the pathogenesis of viral myocarditis, require additional research.
